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Rheumatoid arthritis (RA) is one of the most common and severe autoimmune diseases related to 
joints. Regrettably, RA inflammatory process remains a puzzle, and finding effective therapies that specifically 
target RA revealed to be a daunting task. Inflammatory macrophages are persistent at the site of RA and 
frequently over-express the cell surface Fc receptor CD64, which is associated with the disease and 
motivates the search for a new targeted-therapy strategy for RA. 
In this work, a ground-breaking approach for RA theranostics was proposed, taking advantage of the 
vast potential of nanomedicine. This study aimed the development of a nanoparticulate system for intravenous 
administration, based on PLGA (a biodegradable, FDA-approved polymer, renowned for its applications in 
medical research). The nanoparticles (NPs) comprised the co-encapsulation of both methotrexate (MTX) and 
iron oxide nanoparticles (SPIONs), for RA therapy and imaging, respectively. The nanoparticles were further 
functionalised with an anti-CD64 antibody to specifically target RA-associated macrophages, minimising 
damage to the surrounding tissues. 
In total, eight different PLGA-based NPs were prepared in order to compare the effect of each 
component (MTX, SPIONs and antibody) on NP properties. Particle size was measured by dynamic, light 
scattering, as well as analysed by both scanning and transmission electron microscopy. Zeta potential was 
determined by phase analysis light scattering. Neither MTX nor SPIONs encapsulation significantly affected 
the NPs properties, though antibody conjugation caused an expected slight increase on both size and surface 
charge. Nevertheless, all nanoparticles presented sizes bellow 200 nm and charges lower than -16 mV, 
suggesting the potential applicability of the nanosystem for intravenous administration and RA theranostics. 
TEM micrographs confirmed the encapsulation of SPIONs within the PLGA matrix. Successful antibody 
conjugation was also first suggested by TEM, in the appearance of a characteristic ‘corona’ surrounding the 
NPs. Both antibody conjugation and MTX encapsulation were confirmed by FT-IR and quantified by 
bicinchoninic acid assay (Micro BCA Kit) and HPLC, respectively, rendering encapsulation and conjugation 
values as high as 30 and 95%.  
In vitro studies with a murine macrophage cell line (RAW 264.7) allowed drawing conclusions on the 
cytotoxic profile of the devised NPs. MTT and LDH assays indicated the high toxicity of MTX. Conversely, 
MTX-free NPs were only toxic when administrated at the highest concentration (1 mg/mL) supporting PLGA’s 
biocompatibility. Future work, using a human macrophage cell line, THP-1, will endorse studying the targeting 
capability of the anti-CD64 conjugated NPs aiming for the envisioned theranostics application. 
 This approach could bring a new insight for theranostic strategies, since targeted NPs are promising 
candidates for the future in nanomedicine. With this system the release and action of the drug could be 
enhanced and controlled, and potentially without injuring healthy tissues and organs, while simultaneously 
providing a non-invasive and specific imaging tool for RA. 
Keywords: CD64; Drug Delivery; Imaging; Nanomedicine; Rheumatoid Arthritis; Targeted Therapy. 
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1. Introduction 
1.1. Histology and physiology of the joint 
Joints play a vital role on humans’ movements. While making the skeleton flexible and dynamic, they 
simultaneously contribute to the human body stability and protection. A joint occurs where two bones meet 
and, according to its structure, can be classified into three different categories: i) fibrous, ii) fibrocartilaginous 
or iii) synovial [1]. 
Fibrous joints are immovable. They consist of two bones connected by fibrous ligaments – a dense 
connective tissue rich in collagen. Skull sutures are amongst the best examples of fibrous joints – the dome of 
the skull must be immovable to protect the brain, therefore a joint of fibrous tissue exists between the bony 
plates [1, 2].  
Fibrocartilaginous joints, in their turn, are slightly movable. Bones are held together with both fibrous 
connective tissue and cartilage as happens, for instance, in intervertebral discs. Each vertebra moves 
relatively to both vertebrae above and below it, conferring flexibility to the spine [1, 2]. 
Contrasting with the aforementioned examples, there are joints which are completely movable, known 
as synovial joints. These joints are undoubtedly the most common in the human body, and can be found in 
several structures such as the wrists, ankles, knees, shoulders, among others. They comprise an array of 
characteristic constituents, which are described below (Figure 1): 
1. Joint capsule, with a smooth, non-adherent protein and crystalloid-permeable surface, which seals 
and surrounds the joint space; 
2. Synovial membrane or synovium, constituted by fibrous tissue and the synovial intimal lining. The 
intimal lining is only one or two cell layers deep, containing two cell types, macrophage-like 
synoviocytes (MLS) and fibroblast-like synoviocytes (FLS), and works as an interface between the 
synovium and the synovial cavity; 
3. Synovial fluid, retained on the synovial cavity, is an extremely viscous lubricating liquid secreted by 
the synovial cells. While FLS are responsible to release hyaluronan into the synovial cavity, in order 
to help retain fluid in the joint, the MLS have the important role of removing undesirable substances 
or metabolic wastes from the synovial fluid. This fluid, being highly hydrated and comprising 
hyaluronan molecules,  lubricin and surface-active phospholipids, allows human movements to be 
painless by decreasing the friction between the two bones; 
4. Hyaline cartilage, known as articular cartilage, which protects the ends of the articulating bones, 




Figure 1 – Schematic diagram of a synovial joint. Adapted from [1]. 
1.2. Rheumatoid Arthritis 
Rheumatoid arthritis (RA) is one of the most common and severe autoimmune diseases related to joints 
and affects 1% of the population around the globe [3, 5]. This chronic autoimmune inflammatory disease, in 
which the immune system attacks healthy tissue lining the joints, leads to functional disability and reduced 
quality of life, forasmuch as there is bone and cartilage destruction, joint swelling and pain [6]. Although this 
condition can occur in people at any time of their live, its prevalence significantly increases with age (bearing 
an average incidence age of 55 years-old) and the symptoms frequently develop in a gradual manner [5, 7]. 
The inflammation of RA begins in the synovium. Although there are several associated mechanisms 
that trigger the RA inflammatory response – such as lymphocytes activation, cytokine networks and 
production of pro-inflammatory molecules –, the pathway that leads to it is still unidentified. The foremost 
enigma of RA is to explain the reason underlying the fact that the synovium is the major target of the disease. 
Several investigation groups are investigating this unknown event in order to find a successful solution for an 
efficient early diagnosis and effective treatments [3, 8]. 
As a response to RA inflammation, the synovial tissue shows synovial lining hyperplasia as a result of 
FLS and MLS accumulation. In fact, the synovial intimal lining in RA, instead of one or two cells deep, is 
frequently up to five-fold deeper. These macrophage- and fibroblast-like cells promote inflammation producing 
chemical mediators such as pro-inflammatory cytokines, like the tumour necrosis factor-alpha (TNF-), 
chemokines, as interleukin-8 (IL-8), and proteinases, counting with matrix metalloproteinases (MMPs) as an 
example. Consequently, more macrophages, lymphocytes, and fibroblasts are activated and the RA 
inflammatory process remains [3, 9, 10]. 
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Unfortunately, RA often carries severe consequences in the patient’s life quality since there are both 
cartilage and bone destruction (Figure 2). The pannus, where the synovial lining erodes into the bone, 
contains macrophages, fibroblasts and osteoclasts which contribute to joint damage. Added to the synovial 
hyperplasia, infiltration of inflammatory cells and joint destruction mentioned above, there is also formation of 
an extensive neo-vascular network that is permissible for the delivery of new chronic inflammatory cells to the 
joint. The development of new blood vessels, crucial for the proliferation of the synovial pannus, is induced by 
the unbalance between angiogenesis inducers and inhibitors. Chemokines and cytokines, produced by FLS 
and MLS, were identified as the most important inducers of angiogenesis in RA [9, 11, 12]. 
Since the RA inflammatory process remains unclear, finding effective therapies that specifically targets 
the autoimmune processes in the RA pathogenesis has turned out as being extremely challenging and, 
therefore, they are still non-existent. Recent studies have proposed that insufficient apoptosis of synovial 
inflammatory cells, especially macrophages, might contribute to the persistence of RA [9, 11]. Consequently, 
more research needs to be conducted to develop bolder strategies for creating effective means for early RA 
diagnosis and major long-term goals of successful treatment, aiming for the prevention of both joint 
destruction and associated comorbidities. 
 
Figure 2 – (a) Schematic diagram of a healthy synovial joint. (b) Schematic diagram of a synovial joint with RA. (c) 




To accomplish a prompt treatment, an early diagnosis is required. However, diagnosing early RA can 
be a demanding task considering that one cannot confirm the presence of this autoimmune disease by a 
single test, needing to use several different criteria to provide an accurate diagnosis, including blood tests and 
X-ray analysis [14].  
Magnetic resonance imaging (MRI) is arising as an invaluable technique in the examination of RA 
patients, since MRI has the ability to detect the earliest pathological changes around the joint. This technique 
produces a direct visualisation of the joint, and allows the identification of the earliest inflammatory changes. 
This remarkable and promising diagnosis approach augments the diagnosis speed and accuracy. Additionally, 
it is useful to choose the most suited treatment, as well as to monitor its response accordingly and to measure 
the disease evolution [15, 16]. 
Currently, the main target of RA therapy is to control the inherent inflammatory response and alleviate 
pain. Several therapeutic options have been used to manage and slow down the progression of the disease, 
which include the use of sulfasalazine, hydroxychloroquine or methotrexate – a first line disease modifying 
antirheumatic drug (DMARD) [6, 17]. This drug, methotrexate (MTX), is being widely used due to its 
satisfactory safety profile, efficacy and low cost. It is an analogue of folic acid as it disrupts cellular folate 
metabolism by inhibiting its target enzyme, dihydrofolate reductase [17-19]. 
Unfortunately, these strategies are still not definitive; as not being targeted, they suffer from non-
specific distribution and drug accumulation in healthy tissues producing, consequently, harmful side effects  
[20, 21]. 
1.3. Nanomedicine 
Nanotechnology, a forefront multidisciplinary research field, concerns the study of devices usually 
ranging the 1–100 nm, though larger systems, up to 1000 nm, may also be considered. As a consequence of 
its vast success on the development of biocompatible colloidal systems, such as nanoparticles (NPs), 
nanocapsules, micellar systems and conjugates, nanomedicine has thrived and is now providing new 
possibilities for the use of nanomaterials in medical applications for drug delivery and tissue regeneration [20, 
22, 23]. 
Nanomedicine may also offer new opportunities to combine diagnosis and therapy in a single approach. 
Improved theranostics processes are being studied in order to develop new means to diagnose, fight and 
follow disease. There are different examples of nanomedicine-based approaches for simultaneous diagnosis 
and targeted therapy, based on quantum dots [24], chitosan NPs [25], liposomes [26] and iron oxide 
nanoparticles [27], among several others. 
A new wave of medical innovation is emerging due to the possibility of multi-functionalization in 
nanomedicine-based strategies (Figure 3). NPs may have the ability to i) carry therapeutic agents, ii) be 
conjugated to a specific ligand, such as antibodies, to target a specific tissue or organ, iii) amplify imaging 
signal, by way of a co-encapsulated contrast enhancer, and iv) avoid bio-barriers and macrophage uptake, 
using for example polyethylene glycol (PEG) [20, 21, 23]. 
Targeted delivery systems are only possible due to both the discovery of novel specific receptors, which 
are exclusive or overly expressed in specific tissues, and the development of new ligand-conjugation 
techniques. These systems result in higher bioavailability of the therapeutic agent at the desired tissue, 
minimising side effects [20-23]. 
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Figure 3 – Multifunctional nanoparticle illustration. Adapted from [20]. 
Iron oxide NPs are attractive nanosystems because of their peculiar physical properties, 
biocompatibility, inexpensiveness, and their ability to target specific locations, minimising damage to 
peripheral organs [28]. These magnetic NPs can be co-encapsulated along with drug molecules into NPs of 
other material such as poly (lactic-co-glycolic acid) (PLGA). Being a well-defined, biodegradable and 
biocompatible polymer, PLGA has attracted great attention: iron oxide NPs, when co-encapsulated into drug-
loaded PLGA NPs, become protected from degradation and the drug release can be sustained and controlled. 
Also, there is the possibility to modify these NPs surface properties to provide stealth and selectivity to 
specific cells, organs or tissues. Moreover, iron oxide NPs can be used as imaging contrast agents, illustrating 
the application of nanotechnology to medical monitoring and diagnosis [23, 29]. 
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2. State of the art and rationale of the thesis 
2.1. Drug delivery systems based on poly (lactic-co-glycolic acid) nanoparticles 
Poly (lactic-co-glycolic acid), or PLGA, is a synthetic polymer which is renowned for its success among 
biodegradable micro and nanosystems. It results from the polymerisation reaction between glycolic and lactic 
acid monomers forming a random co-polymer (Figure 4) [29, 30]. 
As previously referred, drug delivery systems based on PLGA are of particular interest owing to their 
biodegradability and biocompatibility. In fact, PLGA copolymers degrade in the body by hydrolytic cleavage of 
ester links between lactic and glycolic acid, resulting in two biodegradable metabolite monomers. The human 
body deals effortlessly with these two hydrolysis products which are easily metabolised and eliminated as 
common metabolic waste products: carbon dioxide and water. Therefore, a minimal systemic toxicity is 
associated with the use of PLGA either for biomaterial applications or drug delivery [29, 31, 32]. 
Additionally, PLGA is an approved polymer for drug delivery systems for parenteral administration by 
both the American Food and Drug Administration (FDA) and the European Medicine Agency (EMA). 
Consequently, there are many approaches to various drug delivery systems and well-described formulations 
adapted to different types of drugs. PLGA copolymers have also the advantage of being well characterised as 






Figure 4 – Purac Biomaterials PLGA chemical structure. Adapted from [33]. 
The most widely used PLGA copolymers composition is 50:50 – ratio that identifies the PLGA polymers 
comprising 50% of both lactic and glycolic acid.  Depending on the copolymer ratio and its molecular weight, 
the degradation time can range from a few months to years. For example, considering a PLGA polymer with 
more glycolic acid, which is more hydrophilic than the lactic acid, the degradation rate would be faster. This 
ability to modify the polymer’s degradation rate conducts to another attractive characteristic of PLGA-based 
nanosystems that is the possibility of a sustained drug release and to tailor the release kinetics according to 
the pharmacokinetics of the encapsulated drug [29, 32]. 
Besides, there are other appealing properties which should not be forgotten, such as the possibility of 
targeting PLGA nanosystems to specific cells, tissues or organs, and of efficiently preventing drug 
degradation. Additionally, there is also the possibility of modifying PLGA nanosystems surface to provide both 
stealthness and a better interaction with biological tissues. Modifying surface properties such as its charge, by 
coating with PEG, chitosan or other hydrophilic polymers, can be an excellent way to improve their 
performance as drug delivery systems, since positively charged NPs establish ionic interactions with 
negatively charged cell membranes, facilitating cells interaction and uptake [29, 31]. 
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PLGA NPs can be developed by a wide range of methods. One of the most common and preferred 
techniques is the emulsification-solvent evaporation technique, which allows the encapsulation of hydrophobic 
drugs. Briefly, it consists in dissolving the polymer and the drug in an organic solvent; the solvent is then 
evaporated and the NPs can be collected after centrifugation. However, this method does not fit for the 
encapsulation of hydrophilic drugs. Therefore, an update to this technique has been made, enabling 
hydrophilic drugs to be encapsulated in the PLGA NPs – the double emulsion. This method relies on 
dissolving the PLGA in an organic solvent and emulsion of an aqueous solution containing the hydrophilic 
drug within the organic phase. This primary emulsion is then transferred to an external aqueous solution 
containing a surfactant to stabilise the double emulsion, under vigorous stirring. In a similar manner, the 
organic solvent can be then evaporated and the NPs collected after centrifugation [29, 31, 32]. 
2.2. Superparamagnetic iron oxide nanoparticles for imaging 
Magnetic resonance imaging (MRI) has been attracting major medical interest for early disease 
detection and staging. Indeed, MRI is one of the most used and effective tools for non-invasive clinical 
diagnosis. MRI images are acquired with high soft tissue contrast, and remarkable penetration depth and 
spatial resolution without the need to use any type of potentially harmful radiation that could cause undesired 
and damaging side-effects. In order to find better imaging for small and indistinct lesions and to provide better 
delimitation of diseased tissues, the scientific community is focused on MRI enhancement [34, 35]. 
Regarding magnetic materials, iron oxide is the one that is most investigated concerning applications in 
biomedical techniques such as the MRI, since it presents high biological compatibility. The design of a new 
strategy for MRI must fulfil some requirements, namely easy and economical synthesis, sufficient high 
magnetic moments, chemical stability in physiological conditions and low toxicity. Maghemite ( - Fe2O3) and 
magnetite (Fe3O4) NPs are the best iron oxide examples of success in nanomedicine and nanotechnology 
industry [36-38]. 
Superparamagnetic iron oxide nanoparticles (SPIONs) are NPs with superparamagnetism – a 
phenomenon that occurs in magnetic materials when the particle core diameter is under 20 nm. FDA-
approved SPIONs have been used in in vivo biomedical applications in different fields such as in tissue-
specific release of therapeutic agents in cancer therapy and hyperthermia, among others. Having proved to be 
highly effective contrast agents for MRI diagnosis of solid tumours (Figure 5), the use of SPIONs as a contrast 
agent is among its most exciting applications [35-40]. 
 
Figure 5 – Images of multiple liver metastases from colorectal carcinoma accessed by (A) computed tomography, (B) 
gadobenate dimeglumine-enhanced MRI and (C) SPIONs-enhanced MRI. Using SPIONs (C) it is possible to detect small 
lesions with much more higher contrast (arrow). Adapted  from [40]. 
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SPIONs present significant advantages when compared to the traditional contrast agents used in MRI 
and fulfil the aforementioned requirements for the strategy of finding a new contrast agent. These 
nanosystems present low cytotoxicity, longer lasting contrast enhancement and improved delineation of 
diseased tissues. Additionally, SPIONs can be simultaneously functionalised to provide: i) stealth regarding 
the immune system, ii) active targeting to a specific tissue and iii) efficient drug delivery, increasing local 
concentrations of SPIONS in the tissue of interest while decreasing the concentration in background tissues 
[34, 37, 38]. 
Most clinical preparations of SPIONs have been coated with dextran (e.g. Ferridex
®
, a sterile aqueous 
colloid of SPIONs associated with dextran used as a contrast agent for MRI) [41]. Another possible strategy, 
which attracts considerable attention for drug delivery, could be co-encapsulating SPIONs in polymeric NPs. 
The magnetic properties and the ease of functionalisation confer SPIONs a new purpose as theranostic 
agents – the use of SPIONs to significantly improve the actual means of simultaneous imaging and diagnosis 
[38, 42]. 
2.3. Antibody-conjugated nanoparticles 
Immunoglobulins (Ig), commonly called antibodies, are a group of glycoproteins which are part of the 
specific immune system in vertebrate animals. Each antibody is composed by two large heavy chains and two 
small light chains linked by disulphur bridges, culminating on a peculiar Y-shaped protein (Figure 6). 
Depending on the heavy chain structure, immunoglobulins have different functions and can be divided in five 
different classes – IgG, IgE, IgD, IgA and IgM [43, 44]. 
Antibodies have two different domains: a carboxyl terminal (Fc region); and an amine terminal (Fab 
region) which comprises the antigen-binding domain and provides specificity and high affinity to antibodies. 
Taking into consideration these exclusive characteristics, antibodies have attracted great attention within the 
scientific community [43, 44]. 
 
Figure 6 – Structure of an immunoglobulin. Adapted from [45]. 
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A new trend of targeted drug delivery systems is emerging in nanomedicine. Numerous researchers are 
exploring new targeting moieties and respective receptors to achieve successful formulations. The basic 
principle behind ligand-targeted therapeutics is the association of molecules such as antibodies to the 
nanosystem. Hence, these ligands shall bind to target cells which receptors are either unique or overly 
expressed, when comparing to normal tissue cells [21, 46].  
Since 1977, after Burstein and his colleagues demonstrated therapeutic action of an antibody linked to 
a cytotoxic drug in mice [47], several research groups have struggled to find more and better solutions using 
targeted drug delivery [44, 47-51]. A drug should be delivered to the desired tissue or organ safely, within the 
established dose and for the proper amount of time, in order to prevent or decrease systemic side effects. 
Besides, a targeted-system also improves the efficacy of the active molecule by increasing its distribution and 
concentration at the site of injury or disease [43, 48, 52]. 
There are already some examples of conjugation of NPs with antibodies, combining the remarkable 
properties of NPs such as their capability of working as drug carriers or intrinsic magnetic characteristics, with 
the targeting capacity of the latter. In 2007, Kocbek and her team tried two different approaches for NPs 
functionalisation, for recognition and specific targeting on breast epithelial cancer cell lines, through the use of 
antibodies [51]. Covalent and non-covalent binding were both applied to attach the antibody to the surface of 
polymeric NPs. The advantage of a covalent linkage compared to physical adsorption relies on the prevention 
of the competitive displacement of the adsorbed antibodies by blood components, hence increasing the 
nanosystem stability. However, in this attempt, only the non-covalent approach was successful [48, 51]. This 
obstacle was soon surmounted as later in the same year Scott and his colleagues successfully conjugated 
polymeric NPs with antibodies recognising the sigle-7 receptor, which is expressed on most acute myeloid 
leukaemias. Briefly, the group activated de NPs using a carbodiimide, forming a connecting amide bond 
through the conjugation of the antibody’s primary amine group with the free carboxylic end group of the NPs 
[50]. 
Over the last few years, the number of publications regarding the integration of NPs and antibodies in 
targeted delivery has exponentially increased. However, antibody-conjugated NPs still face several challenges 
and hurdles until reaching the clinic, and to overcome them it is essential to conduct deeper and more 
comprehensive studies and research. 
2.4. Targeted drug delivery to macrophages 
The role of macrophages in numerous diseases, including cancer, atherosclerosis and infectious and 
inflammatory diseases, such as RA, is becoming better understood. Many approaches with surface-
engineered nanocarriers-based targeting of macrophages are being investigated with both scientific and 
therapeutic interest. In an ideal targeted drug delivery strategy, the therapeutic efficacy of the drug would be 
maximised while its associated toxicity should be minimised [23, 53]. Macrophage-targeting approaches 
include the use of nanocarriers, such as liposomes, dendrimers, niosomes, carbon nanotubes, and also the 
celebrated NPs (Figure 7). Although not allowing for tissue-specific targeting due to its ubiquitous expression, 
mannose surges as a primary natural choice to target macrophages once it is expressed in the majority of 
macrophage populations [54]. 
In 2009, Nahar and his colleagues studied the macrophage mannose receptor using PLGA NPs. The 
purpose of their work was to develop a mannose-anchored nanosystem for efficient delivery of a polyene 
antifungal drug – amphotericin B – for visceral leishmaniasis treatment. The NPs showed enhanced 
macrophage uptake, suggesting a better targeting than using non-targeted nanosystems [45]. Although there 
is still room for improvement regarding targeted therapy, these results indicate that NPs can be a promising 
carrier for specific drug delivery to macrophages, in this specific case, using macrophage mannose receptor 
for effective treatment of visceral leishmaniasis [55, 56]. 
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Figure 7 – Different nanocarriers used in macrophages targeting. Adapted from [53]. 
Regarding a different purpose, rifabutin, an antituberculosis drug, was loaded into solid lipid 
nanoparticles (SLN) before coating with mannose, for selective delivery to alveolar tissues. Ex vivo cellular 
uptake studies unveiled an almost six-fold enhanced uptake due to the mannose coating. Consequently, this 
approach supported the aforementioned strategies, confirming that the macrophage mannose receptor can be 
used for effective and targeted drug delivery to macrophages [57]. However, although this receptor is highly 
expressed on macrophages, it is not tissue-specific. Consequently, it does not constitute an ideal targeting 
strategy since NPs would target macrophages from several different tissues. 
Being a localised disease, RA is a promising candidate to tissue-specific targeting strategies. RA 
inflammatory cells have overexpressed receptors which can work as potential targets to targeted drug 
delivery. Fueldner and colleagues found significant differences in the expression of the cellular receptors 
CD64, CD11b and CD304 in RA synovial tissue, providing suitable biomarkers to RA monitoring [58]. Other 
studies corroborate the former, proving that CD64 expression in normal joints is confined to the synovial lining 
cells, whereas in RA, it can be found that adding to the synovial lining, also in the sublining, perivascular 
space and stroma, CD64 expression levels are enhanced [59, 60]. 
CD64, also known as FcRI (Fc-gama-receptor I), is a cell-surface receptor with high affinity for 
immunoglobulin G (IgG), especially IgG1. Hence, Vuuren and her team were pioneers using CD64-directed 
immunotoxins to target inflammatory macrophages from RA joints, taking advantage of the over-expression of 
CD64 [60, 61]. These emergent techniques make way to the potential use of the sensitive biomarker CD64 for 
RA screening, diagnosis or even treatment. 
Currently there are no therapeutic strategies focusing directly on macrophages to treat RA. However, 
these recent results might encourage bolder approaches for its treatment. In fact, several research groups are 
struggling to find better solutions and to improve the already explored techniques. 
In this work, we propose a pioneer approach for RA imaging and treatment through the use of 
SPIONs/PLGA NPs for macrophage-targeted delivery of MTX. 
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3. Specific aims and strategy 
In this work, an innovative approach for targeted therapy and imaging of RA was proposed. This study 
aimed at the development of a targeted theranostic system for intravenous administration, consisting on the 
encapsulation of both MTX, for RA therapy, and SPIONs, as MRI contrast imaging agent, into PLGA NPs. 
Thereafter, PLGA NPs were functionalised with a monoclonal antibody (mAb) against the macrophage 
specific cell surface receptor, CD64, which is overly expressed in RA (Figure 8). 
The project was divided in a first phase, consisting of research, state of the art characterisation and 
definition of the work plan, performed during the first semester of the school year, from October until February. 
The second phase was accomplished from February until June, and consisted on the development of the 
research work, conducted at the Department of Chemical Sciences at the Faculty of Pharmacy, University of 
Porto. 
Regarding the research work, preliminary studies were performed concerning PLGA NPs preparation. 
After the optimisation, four different formulations were produced, namely PLGA NPs, MTX-loaded PLGA NPs, 
SPIONS-loaded PLGA NPs and MTX- and SPIONs-loaded PLGA NPs, in order to access and compare final 
properties. Physicochemical properties of the developed NPs were extensively characterised to examine 
particle size, polydispersion, zeta potential and morphology, as well as to determine the MTX content, 
SPIONs encapsulation and antibody conjugation. The last task relied on in vitro studies, with the macrophage 
cell line RAW 264.7. These cells were cultured, and the developed PLGA NPs were tested assessing cell 
viability, NPs cytotoxicity and uptake. 
This approach could bring a new insight for theranostic strategies, since targeted NPs are promising 
candidates for the future in medicine. With this nanosystem the release and action of the drug could be 
potentiated and controlled without injuring healthy tissues and organs, simultaneously providing a non-
invasive and specific imaging tool for RA. 
 
Figure 8 – Schematic of the proposed approach for targeted therapy and imaging of RA. 
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4. Materials and methods 
4.1. Materials 
The polymers PLGA (50:50) PURASORB
®
 PDLG 5002 and PURASORB
®
 PDLG 5002A were a kind gift 
from Purac (Purac Biomaterials, Netherlands). MTX was obtained by courtesy of Excella (Excella GmbH, 
Germany). Maghemite NPs (15 nm) were kindly offered by Marcela Fernandes and her team (Chemical 
Department, Universidade Estudal Maringá, Brasil). Iron oxide nanocrystals (10 nm), with oleic acid coating 
and dispersed in chloroform (25 mg/mL), were gently provided by Ocean Nanotech Inc. (Arkansas, USA). 
Anti-Human CD64 (Fc gamma Receptor 1) antibody solution (1.0 mg/mL) was purchased from eBioscience 
(San Diego, California, USA). The Thermo-Scientific Pierce Micro BCA Protein Assay Kit was from Thermo 
Fisher Scientific (Rockford, IL, USA). LDH Cytotoxicity Detection Kit was from Takara Bio Inc. (Shiga, Japan). 
Poly(vynil alcohol) 87-90% hydrolysed and average Mw 30-70 kDa (PVA), dimethyl sulfoxide ACS reagent 
≥99.9% (DMSO), dichloromethane (ACS reagent, ≥99.5% contains 50 ppm amylene as stabilize), ethyl 
acetate (ACS reagent, ≥99.5%), 2-morpholinoethanesulfonic acid low moisture content, ≥99% (MES), 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride purum, ≥98.0% (EDC), N-hydroxysulfosuccinimide 98% 
(NHS), Thiazolyl Blue Tetrazolium Bromide 98% (MTT), Triton
™ 
X-100 for molecular biology and Trypan Blue 
powder were purchased from Sigma-Aldrich (USA). Dulbecco’s Modified Eagle’s Medium (DMEM), Hanks’ 
balanced salt solution (HBSS), Dulbecco’s phosphate buffer saline 10x pH 7.4 (PBS), fetal bovine serum 
(FBS), Penicillin-Streptomycinm and Fungizone
 





4.2.1. Development of multifunctional NPs 
4.2.1.1. Optimisation of NPs formulation 
As the first attempt, PLGA (PURASORB
®
 PDLG 5002 – ester terminated co-polymer) NPs were 
prepared using a solvent emulsification-evaporation method based on a w/o/w double emulsion technique. As 
standard procedure, 200 mg of PLGA were dissolved in 2 mL of dichloromethane, and 0.2 mL of Milli-Q water 
were added to the former. The solution was homogenised using a sonicator (VibraCell model VCX 130 
equipped with a VC 18 probe, Sonics & Materials, Inc., Newtown, CT, USA), at 70% amplitude for 30 
seconds. This primary emulsion was then added to 8 mL of 2% (w/v) PVA solution in Milli-Q water, and 
subsequently a second emulsion was completed by sonication in the same conditions. The homogenised 
solution was added to 15 mL of 2% (w/v) PVA solution in Milli-Q water under magnetic stirring and kept in 
these conditions overnight, until the organic solvent was fully evaporated. Regarding the NPs purification, the 
resulting solution was centrifuged (21,000 g, 10 minutes, 4ºC) and re-dispersed in Milli-Q water thrice for 
rinsing. The formulation was stored at 4ºC until further analysis [62]. 
To encapsulate SPIONs, 1 mg of maghemite NPs were added to the organic phase of the double 
emulsion (dichloromethane with PLGA) [63, 64]. Since SPIONs are magnetic NPs, the formulation could not 
be prepared under magnetic stirring, and this batch was prepared under mechanical stirring. However, after 
24 hours, the organic solvent had not evaporated and dark large agglomerates were formed, most likely due 
to the low encapsulation of SPIONs using this technique. Additionally, MTX is practically insoluble in water 
[65], and the double emulsion technique demonstrated not to be the most appropriate method to efficiently 
encapsulate the drug. Therefore, this preparation method was further adapted in order to achieve an 
optimised approach. In the following preparation of nanoparticles, PLGA with carboxylic acid end groups was 
used in order to allow the binding of the anti-CD64 antibody to the NPs. 
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4.2.1.2. Preparation of NPs 
Formulations containing the PLGA (PURASORB
®
 PDLG 5002A – acid terminated co-polymer) were 
prepared using a solvent emulsification-evaporation method based on a w/o single emulsion technique. As 
standard procedure, 200 mg of PLGA were dissolved in 2 mL of ethyl acetate, and then added to 8 mL of 2% 
(w/v) PVA solution in Milli-Q water. The solution was homogenised using a sonicator (VibraCell model VCX 
130 equipped with a VC 18 probe, Sonics & Materials, Inc., Newtown, CT, USA), at 70% amplitude for 30 
seconds. This single emulsion was then added to a round-bottom flask with 15 mL of 0.2% (w/v) PVA solution 
in Milli-Q water. Regarding the organic solvent evaporation, a rotavapor was used for 1 hour and 30 minutes 
(300 hPa, 35ºC). Concerning the NPs purification, the resulting solution was centrifuged (21,000 g, 10 
minutes, 4ºC), and re-dispersed in Milli-Q water thrice, for rinsing. The formulation was stored at 4ºC until 
further analysis. 
To encapsulate MTX and SPIONs (Ocean Nanotech Inc.), both separate and simultaneously, the same 
methodology previously described was used. After dissolving 200 mg of PLGA in 2 mL of ethyl acetate, 20 mg 
of MTX or/and 40 µL of SPIONs dispersion (25 mg/mL in chloroform) were added, and the solution was 
homogenised using a vortex mixer (Figure 9). 
 
Figure 9 – Schematic of the preparation of multifunctional PLGA NPs. 
4.2.1.3. Anti-CD64 conjugation of PLGA NPs 
As previously mentioned, phagocytosis by macrophages can be initiated by Fc regions of IgG that bind 
to the Fc receptors in cells membrane. When a particle is coated or opsonised with an IgG, the Fc regions of 
the antibody bind to the corresponding receptors in the macrophage membrane and a phagocytic response is 
initiated [66]. Considering that CD64 is a FcRI receptor, the anti-CD64 antibody should be linked through the 
Fab fragment, leaving the Fc region available for macrophages recognition. Therefore, the coupling reaction 
was carried out in the presence of EDC and NHS aiming for the NPs activation. The NPs will subsequently 
react with the primary amine of the antibody (Fab), yielding an amide bond, which allows the NPs 
functionalisation. 
A volume of 11.5 mL of purified NPs (corresponding to 100 mg of PLGA) were centrifuged (21,000 g, 
10 minutes, 4ºC) and re-dispersed in 10 mL of MES buffer, pH  5.0. The pH was maintained at 5.0 in order to 
maximise the attachment of EDC to the PLGA carboxylic acid groups. The activation was achieved by adding 
1 mL of 0.1 M EDC and 1 mL of 0.7 M NHS (both dissolved in MES buffer, pH  5.0) to the NPs suspension, 
which was kept at room temperature for 1 hour, under moderate stirring. To remove the remaining reagents, 
the activated NPs were centrifuged (21,000 g, 10 minutes, 4ºC) and re-dispersed in PBS thrice, yielding a final 
concentration of 1.0 mg/mL. To conjugate the antibody to the activated PLGA NPs, 1 mL of the activated-NPs 
suspension was transferred to an Eppendorf tube and 10 µL of the anti-CD64 antibody solution (1.0 mg/mL) 
were then added. After homogenising with a vortex mixer, the suspensions were incubated at 4ºC for 24h. 
The conjugated NPs were once again centrifuged at (30,000 g, 10 minutes, 4ºC), to remove the excess 
unconjugated antibody and reagents (Figure 10) [50]. 
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Figure 10 – Schematic of the functionalisation of multifunctional PLGA NPs with the anti-CD64 antibody. 
4.2.1.4. Freeze-drying of the PLGA NPs 
To freeze-dry the NPs, samples were poured into Eppendorf tubes on a VirTis AdVantage 2.0 
BenchTop Freeze Dryer (SP Scientific). The samples were frozen at -60ºC for 12 hours. A primary drying was 
performed at 20 ºC at 150 mTorr, for 20 hours. A secondary drying was also performed, at 25 ºC, 100 mTorr, 
for 20 hours, to complete sublimation. The condenser was maintained at -80ºC at 150 mTorr. 
4.2.2. Nanoparticle characterisation 
4.2.2.1. Dynamic light scattering and phase analysis light scattering 
Dynamic Light Scattering (DLS), also known as Photon Correlation Spectroscopy, is a common 
technique for measuring the size of particles in the sub micron range. It measures Brownian motion of 
particles suspended within a liquid, through changes in the intensity of light scattered from particles through 
time. Consequently, the slower the motion the larger the particle will be, since smaller particles are more 
affected by interactions with the solvent. Considering this motion, and the temperature and viscosity of the 
sample throughout the analysis, DLS can calculate the hydrodynamic diameter of the particle [67]. 
The zeta potential is a physical property which is exhibited by all particles in suspension. It is an 
important parameter in understanding the electric double layer repulsion and it can be measured by phase 
analysis light scattering. When an electric field is applied across an electrolyte, charged particles in 
suspension are attracted towards the electrode of opposite charge while viscous forces acting on the particles 
tend to oppose the movement. When equilibrium is reached, the particles move with constant velocity, also 
known as electrophoretic mobility, and the zeta potential can be measured. The magnitude of the zeta 
potential gives an indication of the potential stability of the system. If the modulus of the zeta potential is large, 
the particles in suspension will tend to repel each other. Hence, there will be no tendency to agglomerate. 
Contrastingly, when zeta potential values are low, it means that there will be no force to prevent the particles 
coming together and agglomerate [68]. 
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The produced NPs were characterised by means of particle size, size distribution (polydispersity index), 
and zeta potential. Mean diameter and polydispersity index were assessed by DLS using a 90Plus Particle 
Size Analyzer (Brookhaven Instruments Corporation) and the zeta potential was determined by phase 
analysis light scattering using a ZetaPALS Zeta Potential Analyzer (Brookhaven Instruments Corporation), at 
660 nm, with a detection angle of 90°, at 25ºC. The samples were diluted to a suitable concentration: 20 µL of 
non-conjugated NP dispersion (4 mg/mL) to 1580 µL of Milli-Q water, and 80 µL of antibody-conjugated NP 
dispersion (1 mg/mL) to 1520 µL of Milli-Q water. All measurements were performed with six repetitions, for 
each of the three independent batches of NPs. 
4.2.2.2. Scanning electron microscopy 
Scanning electron microscopy (SEM) is based on the incidence of a beam of accelerated electrons on 
the sample. These accelerated electrons interact with the sample, exciting its atoms which emit secondary 
electrons. According to the angle between the primary beam and the surface of the sample, it is possible to 
detect and analyse the surface topography. 
In order to evaluate the morphology of the developed NPs, SEM was performed using a High 
Resolution Quanta
™
 400 Scanning Electron Microscope (FEI
™
).  Samples were prepared by two different 
methods: 1) samples of NP dispersion were mounted on metal stubs and air-dried; 2) samples of NP 
dispersion were freeze-dried and only then mounted on conductive carbon adhesive tabs, on metal stubs. 
Subsequently, they were coated with a gold/palladium thin film by sputtering for 60 seconds, with a 15 mA 
current, using a SPI Module Sputter Coater system. 
4.2.2.3. Transmission electron microscopy 
Unlike SEM, transmission electron microscopy (TEM), which is also based on the incidence of an 
accelerated beam of electrons to the sample, is not a surface analysis technique. In TEM, thin samples (less 
than 0.5 µm) are illuminated by the electron beam, and the image is recorded by detecting the electrons that 
pass through the sample into a system of electromagnetic lenses which focus and enlarge the image. 
Each NP formulation sample was prepared by placing 10 µL of NP dispersion on a copper-mesh grid, 
after 2 minutes, excess water was removed by touching with filter paper. For contrasting, 10 µL of 0.75% 
uranyl acetate solution were added and let at room temperature, for 30 seconds. The grids were then 
observed in a JEM-1400 Transmission Electron Microscope (JEOL Ltd.), with an accelerating voltage of 80 
kV. 
4.2.2.4. High Performance Liquid Chromatography 
High Performance Liquid Chromatography (HPLC) is a chromatographic technique used to separate 
individual components of a mixture, based on their hydrophobicity, thus enabling their identification and 
quantification. This technique was used to determine the association efficiency of MTX in the developed MTX-
loaded PLGA nanosystems. 
To separate MTX from other substances, a specific method had to be adapted [69, 70]. MTX 
quantification was performed using a Merck-Hitachi LaChrom HPLC System at room temperature, equipped 
with a reversed-phase symmetry column (25 cm length x 4.6 mm internal diameter; 5 µm particle size; Waters 
Corporation, Milford, MA, USA) in conjunction with a pre-column C18 insert. The mobile phase was composed 
by 60:40 (v/v) water/acetonitrile, in an isocratic system, at a flow rate of 1 mL/min. The wavelength was set for 
313 nm, and the 20 µL injection loop autosampler was used. Standard MTX solutions were prepared at final 
concentrations of 1, 3, 6, 10, 25, 50 and 100 µg/mL in Milli-Q water, in order to obtain a standard linear curve 
for HPLC analysis (Figure 11). 
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Figure 11 – Standard curve for MTX quantification using HPLC.  
The samples correspond to 500 µL of the supernatant of the first centrifugation during NPs purification 
of MTX-loaded NPs and MTX and SPIONs-loaded NPs, from all three replicates. Before doing the analysis, 
samples were centrifuged (30,000 g, 10 minutes, 4ºC) to eliminate NPs that eventually remained in the 
supernatant. Subsequently, the quantification of the compound was carried out by measuring the peak areas 
in relation to the standards. The association efficiency of MTX was determined indirectly by subtracting the 
amount of MTX that remained in the aqueous phase to the total amount of MTX used to prepare the NPs (20 
mg of MTX to 23 mL of final formulation) (Equation 1). 
 
(1)     Association Efficiency (%)   
 otal amount of M   –  ree M   in supernatant
 otal amount of M  
x100 
 
4.2.2.5. Fourier Transform Infrared Spectroscopy 
Fourier Transform Infrared (FT-IR) spectroscopy is an advanced technique which relies on an infrared 
beam to collect an absorbance/transmittance spectrum of the vibrations of chemical bonds in function of 
wavelength, allowing the identification of a sample’s components. Regarding the need to ascertain both drug 
encapsulation and antibody conjugation, FT-IR spectroscopy proved to be an invaluable technique to confirm 
unequivocally the presence of both components and the efficacy of the previously described procedures to 
develop the projected multifunctional NPs. 
The developed NPs were characterised by FT-IR analysis, using a Frontier FT-IR Spectrometer with 
Universal ATR Sampling Accessory (PerkinElmer, USA). NPs were lyophilised as described before, and for 
each spectrum a 50-scan was collected with 4 cm
-1





4.2.2.6. Antibody quantification 
The amount of antibody conjugated to NPs was evaluated by quantifying protein attached to the surface 
of NPs from each formulation. The Thermo-Scientific Micro BCA Assay Kit is a detergent-compatible 
bicinchoninic acid (BCA) formulation for the colorimetric detection and quantification of total protein. The 
method utilises BCA as the detection reagent for Cu
+
, which is formed when Cu
2+
 is reduced by protein in an 
alkaline environment. A purple-coloured reaction product is formed by the chelation of two molecules of BCA 
with a cuprous ion (Cu
1+
). This water-soluble complex exhibits strong absorbance at 562 nm which increases 
linearly with increasing protein concentrations [71]. 
Briefly, diluted bovine serum albumin (BSA) standards were prepared (40, 20, 10, 5, 2.5, 1, 0.5 µg/mL) 
using a diluent equal to the sample buffer, PBS. Afterwards, the Micro BCA working reagent was prepared 
according to the instructions. The microplate procedure was performed: 150 µL of each standard or unknown 
sample were pipetted to a 96-well microplate, and 150 µL of BCA working reagent were added to each well. 
The microplate was mixed thoroughly for 30 seconds, and then covered and incubated for 2 hours, at 37ºC. 
After the incubation time, the plate was cooled to room temperature and the absorbance was read at 562 nm 
on a microplate reader (Synergy™ H  Multi-mode Microplate Reader, BioTek Instruments, USA). The 
average 562 nm reading of the Blank standard replicates were subtracted from the 562 nm reading of all 
individual standards and unknown sample replicates. A standard curve was computed, plotting the average 
Blank-corrected 562 nm reading for each BSA standard versus its corresponding concentration in µg/mL 
(Figure 12). The protein concentration of each unknown sample was determined using the standard curve [50, 
71]. 
 
Figure 12 – Standard curve for protein quantification using the BCA Assay Kit. 
4.2.3. In vitro studies 





) cells (passage 31-38) were culture in DMEM medium supplemented with 
10% FBS, 1% Penicillin-Streptomycin and 1% Fungizone Antimycotic, and maintained in a humidified 
incubator at 37ºC, under a 5% CO2 atmosphere. Medium was changed every two or three days. For sub-
culturing, cells were detached by scrapping, and counted in a Neubauer chamber diluted in a Trypan Blue 
solution 0.4% (w/v) in HBSS to exclude non-viable cells. For 75 cm
2
 flasks, appropriate aliquots of the cell 
suspension were plated with a sub-cultivation ratio of 1:3. The volume of culture medium was adjusted for a 
new culture flask [72].  
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4.2.3.2. MTT assay 
The MTT assay is a colorimetric assay used to access cell metabolism in growth and proliferation, 
measuring the activity of cellular enzymes that reduce the thiazolyl blue tetrazolium bromide (MTT) substrate,  
to formazan, resulting on a dark purple colour [73]. Before performing the assay, a standard curve must be 
designed, to know the most suitable cell seeding concentration for the measurements to fall into the assay 
linear detection range. Therefore, 200 µL of cell suspension at different cell concentrations (1000, 5000, 
10000, 15000, 20000, 40000, 50000, 80000 and 100000 cells/mL) were seeded into wells of 96-well tissue 
culture test plates (Orange Scientific products, Belgium). After 24h of culturing on a humidified incubator at 
37ºC under a 5% CO2 atmosphere, the culture medium was removed and 200 µL of fresh warm medium were 
added. 24 hours later the medium was removed, 200 µL of MTT solution (5 mg/mL MTT in HBSS) were added 
to the cultures, diluted to a final concentration of 0.5 mg/mL in culture medium, and the plate was incubated 
for 4 hours at 37ºC, in the dark. The MTT solution was discarded and 200 µL of DMSO were added, to 
solubilise the formazan crystals formed by the MTT reaction. The plate was shaken for 10 minutes, at room 
temperature, under light protection.  he absorbance was measured using a microplate reader (Synergy™ H  
Multi-mode Microplate Reader, BioTek Instruments, USA) at 590 nm and 630 nm for background subtraction. 
The results, from three experiments for each cell density, were analysed by plotting absorbance versus cell 
seeding density (Figure 13), and the right density, 2.5x10
4
 cells/mL, was chosen according to the value 
registered in the middle of the linear curve [73]. 
 
Figure 13 – Standard Curve for cell seeding density on MTT assay. The density chosen was 2.5x10
4
 cells/mL which falls 
in the middle of the linear range of detection of the assay. Values over 5.0x10
4
 cells/mL resulted in either substrate 
saturation or cell death. 
After determining the appropriate cell seeding density for this assay, MTT assay was performed with 
the developed NPs, at different concentrations, on RAW 264.7 cells. 200 µL of cell suspension (2.5x10
4
 
cells/mL) were seeded into wells of 96-well tissue culture test plates (Orange Scientific products, Belgium). 
After 24h of seeding on a humidified incubator at 37ºC under a 5% CO2 atmosphere, the culture medium was 
removed and 200 µL of NP dispersion were added with different concentrations (0.1, 1, 10, 100 and 1000 
µg/mL). A positive control (200 µL of culture medium) and a negative control (200 µL of Triton™ X-100 2% 
(w/v) in culture medium) should be included, in order to normalise the results. After 24 hours of incubation with 
the NPs, the MTT assay was performed as previously described. Cell viability was determined according to 
the following equation: 
   (2)     iability (%)   
Experimental  alue – Negative Control




4.2.3.3. LDH assay 
Lactate dehydrogenase (LDH) is a cytoplasmatic enzyme which is present in most cells. Once the 
cytoplasmic membrane is damaged, this enzyme is released to the cell culture medium and consequently can 
be quantified by the LDH Cytotoxicity Detection Kit, allowing the assessment of cell death. The cell culture 
supernatant is collected and, after incubation with the kit reaction mixture, the formazan formed is measured. 
An increase in the number of dead or plasma membrane-damaged cells leads to an increase of the LDH 
enzyme activity in the culture medium, which can be directly correlated to the amount of formazan formed 
[74]. 
The viability and the cytotoxicity assays have several steps in common, namely cell seeding into wells 
of 96-well tissue culture test plates, 24 hours of incubation at 37ºC under a 5% CO2 atmosphere and NP 
dispersion addition with different concentrations. After the second incubation of 24 hours, on the MTT assay 
the medium should be removed and discarded; contrarily, what is crucial for the LDH assay is the collection of 
the culture medium after the incubation. Hence, the supernatant of the MTT assay was removed and 
transferred to other 96-well tissue culture test plates (Orange Scientific products, Belgium) and the LDH assay 
proceeded. The collected cell culture medium was centrifuged (250 g, 10 minutes, room temperature). 
Carefully, without disturbing the pellet, 100 µL were removed from each well and were transferred into the 
corresponding wells of new 96-well tissue culture test plates. 100 µL of the LDH Cytotoxicity Detection Kit 
reaction mixture were added, and the plates were incubated 30 minutes at room temperature, protected from 
light. The absorbance was measured using a microplate reader (Synergy™ HT Multi-mode Microplate 
Reader, BioTek Instruments, USA) at 490 nm and 630 nm for background subtraction [74]. Nanoparticles’ 
cytotoxicity  was determined according to the following equation, bearing in mind, that this being a cytotoxicity 
assay, the negative control are now the untreated cells and the positive control are now the cells treated with 
the 2% Triton X-100 solution: 
( )     Cytotoxicity (%)   
Experimental  alue –  Negative Control
Positive Control – Negative Control
x100 
4.2.3.4. Uptake studies 
Intracellular and cell associated drug levels of MTX were assessed by quantifying the amount of drug 
associated with RAW 264.7, after incubation with functionalised and non-functionalised NPs or free MTX 
dispersed in culture medium at a pre-defined concentration and at different time points. Briefly, 2 mL of cell 
suspension (1.5x10
5
 cells/mL) were seeded into wells of 6-well tissue culture test plates (Orange Scientific 
products, Belgium). After 24 hours of culturing on a humidified incubator at 37ºC under a 5% CO2 
atmosphere, the culture medium was removed and the wells were washed with 1 mL of HBSS, in order to 
remove unattached cells and/or cellular debris. 2 mL of NPs and MTX dispersion in culture medium, with a 
final correspondent concentration of MTX equal to 1 µg/mL, were added to the wells. The plates were 
incubated for different amounts of time (15, 30, 60, 120, 240 and 360 minutes) at 37ºC under a 5% CO2 
atmosphere. For each time point, the culture medium was removed, and the cells were washed thrice with 
HBSS, in order to remove extracellular drug or NPs. 400 µL of Triton™ X-100 solution (2% w/v in PBS) were 
added to each well, and the plates were let at 4ºC for 30 minutes, for cell lysis. Cell lysates were collected to 
Eppendorf tubes, and centrifuged (30,000 g, 10 minutes, 4ºC). 
 After centrifugation, the supernatant was collected to different Eppendorf tubes, and the amount of 
soluble protein was assessed with the Thermo Scientific Pierce BCA Kit. The remaining supernatant samples 
were frozen until further processing. To quantify the intracellular and cell associated drug, HPLC was used. 
The supernatant was thawed, and 200 µl were collected and mixed with 400 µl of acetonitrile, in order to 
precipitate protein content and solubilise MTX possibly entrapped in NPs. The Eppendorf tubes were, once 
more, centrifuged (30000 g, 10 minutes, 4ºC), and the supernatant was collected as described before [75]. 
The amount of MTX was finally determined by HPLC. 
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4.2.4. Statistical analysis 
Statistical analyses were performed with IBM SPSS Statistics (SPSS 21.0, USA). Results are 
reported as mean ± standard deviation (SD) from a minimum of three independent experiments. Two-tailed 
Student’s t-test and one-way analysis of variance (ANOVA) were performed to compare two or multiple 
independent groups, respectively. When the group was significantly different (p˂0.01), differences between 
groups were compared within a post-hoc test (Tukey). Paired samples were analysed with the paired-samples 
two-tailed Student’s t-test. Differences were considered significant at p˂0.01. 
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5. Results and discussion 
5.1. Nanoparticle characterisation 
For a successful RA-targeted theranostics approach, it is paramount that all components comprised in 
the devised PLGA nanoparticles, namely the SPIONs (for imaging diagnosis), the MTX (therapeutic drug) and 
the anti-CD64 antibody (for specific RA-macrophage targeting), are effectively integrated in the NP, without 
altering significantly their renowned drug delivery features. 
The first indication of the successful conjugation of all these agents was the visual confirmation that all 
the four formulations, prior to antibody conjugation, presented different colour and aspect after extensive 
rinsing of the exceeding reagents in solution (Figure 14). This elicited the initial proof that SPIONs and MTX 
were both, separate and simultaneously, incorporated into the PLGA NPs, which was possible to detect with 
the naked eye. 
The developed NPs were devised aiming at an intravenous administration strategy for RA targeted 
therapy and imaging. Therefore, the physicochemical properties of the developed NPs, which influence their 
physical stability and future interaction with cells and biological tissues, must be regarded with utmost 
importance. Further and more extensive characterization of the NPs, in terms of their particle size and 
polydispersity index (PdI), zeta potential, SPIONS and MTX encapsulation, and antibody functionalisation, is 
addressed in the following chapters. Table 1 summarises the main features assessed for all the disparate 
PLGA NP formulations produced. 
 
Figure 14 – Multifunctional PLGA NPs developed by a solvent emulsification-evaporation method based on a w/o single 
emulsion technique: (A) PLGA NPs, (B) MTX-loaded PLGA NPs, (C) SPIONs-loaded PLGA NPs and (D) MTX- and 
SPIONs-loaded PLGA NPs. 
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 Table 1 – Physicochemical properties of the developed multifunctional PLGA NPs. Mean effective diameter, PdI and zeta 
potential of all formulations; MTX association efficiency of MTX-loaded PLGA NPs before functionalisation; anti-CD64/NPs 
ratio and anti-CD64 conjugation efficiency of functionalised PLGA NPs. 
 
5.1.1. Particle size and zeta potential 
It has been thoroughly described in previous publications that PLGA nanoparticles prepared by the 
simple emulsion technique should present a hydrodynamic diameter within the range of 100 to 250 nm [27, 
29]. In order to avoid NPs sequestration by spleen sinusoids and liver fenestræ, the size of the nanosystem 
cannot be larger than 200 nm. In addition, NPs should not be smaller than 70 nm since particles with this size 
may penetrate capillary vessels. Subsequently, for a long circulation time, NPs size for intravenous 
administration should be between 70 and 200 nm [76, 77]. Indeed, all formulations tested in this work fell into 
sizes which range from approximately 135 nm for up to 200 nm (Table 1), supporting the anticipated results 
for this technique, even when in combination with MTX and SPIONS encapsulation and antibody conjugation. 
Focusing now on the NPs non-conjugated with anti-CD64, both SPIONs and MTX encapsulation did not 
significantly affect particle size in all formulations, indicating that they probably do not considerably interfere 
with the NP formation by simple emulsion, and that it is possible to create a complex multi-functional NP while 
maintaining primary PLGA NPs qualities. Still concerning size, the PdI of these NPs was, at all instances, well 
below the reference level of 0.3 indicating that well-defined and mono-disperse NP populations were formed 
with uniform and consistent sizes without undergoing agglomeration. 
Regarding particle charge, all tested formulations showed markedly negative zeta potential values 
(Table 1). A negative charge is typical of carboxyl-terminated NPs owing to the contribution of the –COOH 
groups which are deprotonated at physiological pH or, in this particular case, at the pH of Milli-Q water [51]. 
Although negatively charged nanoparticles may face higher difficulties when considering cellular uptake, due 
to electrostatic repulsion from cellular membranes, zeta potential values rounding -30 mV contribute to particle 
stability in solution avoiding the formation of agglomerates and thus stabilising particle size. Additionally, 
negative NPs present advantages over their cationic counterparts, as they are expected to be less cytotoxic, 
as for cationic NPs there is the risk of causing cell lysis by disrupting their membrane [29, 78]. Taking into 
consideration cellular uptake, further functionalisation of the NPs with a hydrophilic polymer such as chitosan 
or PEG can be a possibility for future work envisioning facilitated cell interaction. 
  
Formulation                                                                  
o
Mean 
Effective       
Diameter (nm)
PdI                              
o
Zeta Potential     
(mV)
MTX 
Association                
Effiency (%)
Anti-
CD64/NPs          
Ratio (µg/mg)
Anti-CD64 
Conjugation                    
Efficiency (%)
PLGA NPs 140.7 ± 17.8 0.21 ± 0.10 -29.4 ± 5.5 - - -
PLGA NPs + MTX 136.5 ± 6.9 0.23 ± 0.10 -27.3 ± 4.4 98.0 ± 0.4 - -
PLGA NPs + SPIONs 131.3 ± 11.5 0.22 ± 0.04 -25.2 ± 5.0 - - -
PLGA NPs + MTX and SPIONs 157.4 ± 21.5 0.11 ± 0.10 -32.5 ± 4.6 94.9 ± 1.6 - -
PLGA NPs + Anti-CD64 168.6 ± 14.7 0.24 ± 0.05 -18.0 ± 4.3 - 2.69  ± 1.21 26.9 ± 12.1
PLGA NPs + MTX + Anti-CD64 162.0 ± 23.9 0.25 ± 0.11 -16.4 ± 3.2 - 1.65  ± 0.5 16.5 ± 5.0
PLGA NPs + SPIONs + Anti-CD64 192.2 ± 12.0 0.15 ± 0.06 -19.3 ± 3.0 - 1.39  ± 1.05 13.9 ± 10.5
PLGA NPs + MTX and SPIONs + Anti-CD64 202.0 ± 9.5 0.34 ± 0.02 -21.1 ± 2.2 - 2.98  ± 0.46 29.8 ± 4.6
Values represent mean ± SD (n ≥ 3).
a - Significantly different  (p˂0.01) from PLGA NPs, between non-conjugated formulations.
b - Significantly different  (p˂0.01) from PLGA NPs, between conjugated formulations.














Not surprisingly, zeta potential values significantly decreased in all formulations after conjugation with 
the anti-CD64 antibody (Table 1). The principle behind the antibody conjugation relies on the establishment of 
a covalent amide bond between the amine and carboxyl termini of the antibody and PLGA, respectively [49]. 
Consequently, a partial surface charge shielding will occur being related to the amount of carboxyl groups 
involved in the reaction with the amine termini of the antibody. Indeed, one can observe that the reduction in 
surface charge is in the same value range as the antibody conjugation efficiencies. Added to zeta potential, 
antibody conjugation interfered in particle size as well. NPs suffered a mean particle size shift in the order of 
the 30 to 50 nm (Table 1), which is justified by the presence of the antibody on the surface of the particles as 
well as by a higher water content on the hydration of the conjugate [49]. The particle size and zeta potential 
results suggest that the developed multifunctional PLGA NPs are promising candidates for a theranostic 
approach. 
5.1.2. Scanning electron microscopy 
SEM allowed learning information on the surface morphology of the NPs. SEM samples were initially 
freeze-dried prior to analyses. However, lyophilisation resulted in sample destruction and the NPs appeared 
as a degraded and fused polymer mass on top of the metal support (results not shown). Exception to the rule, 
anti-CD64-functionalised NPs were not degraded by the process up to the same extent (Figure 15 – E, F, G 
and H), indicating that the proteic antibody may have worked as a cryo-protectant during lyophilisation, 
although some particle fusion was visible. The other NPs (non-conjugated) were analysed as air-dried NP 
dispersions (Figure 15 – A, B, C and D). Further attempts should be made to standardise the sample 
preparation procedure to both NP categories. Nevertheless, SEM analysis shows the spherical shape of the 
NPs as well as their smooth surface, bereft of pores. The micrographs show NPs with sizes below 200 nm, 
supporting the previously obtained results (Table 1). The homogenous and flat surface, unvarying between 
one another, may suggest that both MTX and SPIONs are entrapped within the PLGA polymeric matrix, in 
detriment of the particles’ surface. 
 
Figure 15 – Scanning electron micrographs of (A) PLGA NPs, (B) MTX-loaded PLGA NPs, (C) SPIONs-loaded PLGA 
NPs, (D) MTX- and SPIONs-loaded PLGA NPs, (E) anti-CD64-functionalised PLGA NPs, (F) anti-CD64-functionalised 
MTX-loaded PLGA NPs, (G) anti-CD64-functionalised SPIONs-loaded PLGA NPs, (H) anti-CD64-functionalised MTX- and 
SPIONs-loaded PLGA. Scale bars correspond to 1 μm. Magnification 100,000 x. 
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5.1.3. Transmission electron microscopy 
TEM allowed an easy confirmation of the results obtained by DLS on particle size. The micrographs 
(Figure 16 and Figure 17) show a mono-disperse population of isolated, smooth and spherical particles with 
well-defined sizes, which were at all times well below 200 nm, corroborating the previously obtained results of 
NP characterisation. One can also affirm that MTX and SPIONs encapsulation, as well as antibody 
conjugation, did not considerably affect particle shape and overall size. 
Figure 16 (C1 and C2) and Figure 17 (G1 and G2) show SPIONs-encapsulated NPs in which SPIONs 
are evident in a considerable number inside the PLGA NPs as smaller and electronically denser well-
dispersed spots, confirming their efficient encapsulation both alone and when co-encapsulated with MTX 
(Figure 16 (D1 and D2) and Figure 17 (H1 and H2)). Regarding the antibody conjugation, Figure 17 shows 
micrographs of the NP formulation after conjugation with the anti-CD64 antibody and one can often see a 
denser and thicker ‘corona’ (red arrow head) surrounding the lighter NP core which may indicate the presence 




Figure 16 – Transmission electron micrographs of (A1, A2) PLGA NPs, (B1, B2) MTX-loaded PLGA NPs, (C1, C2) 
SPIONs-loaded PLGA NPs, and (D1, D2) MTX- and SPIONs-loaded PLGA NPs. (A1, B1, C1) Scale bars correspond to 
0.5 μm. Magnification 50,000 x. (D1) Scale bar correspond to 0.5 μm. Magnification 80,000 x. (A2, B2, C2) Scale bars 
correspond to 200 nm. Magnification 100,000 x. (D2) Scale bar correspond to 200 nm. Magnification 120,000 x. 
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Figure 17 – Transmission electron micrographs of (E1, E2) anti-CD64-functionalised PLGA NPs, (F1, F2) anti-CD64-
functionalised MTX-loaded PLGA NPs, (G1, G2) anti-CD64-functionalised SPIONs-loaded PLGA NPs, and (H1, H2) anti-
CD64-functionalised MTX- and SPIONs-loaded PLGA NPs. In (E2) it is possible to detect a ‘corona’-like structure typical 
of surface antibody conjugation (red arrow head). (E1, F1, G1) Scale bars correspond to 0.5 μm. Magnification 50,000 x. 
(H1) Scale bar correspond to 200 nm. Magnification 50,000 x. (E2, F2) Scale bars correspond to 200 nm. Magnification 
120,000 x. (G2) Scale bar correspond to 200 nm. Magnification 100,000 x. (H2) Scale bar correspond to 200 nm. 
Magnification 150,000 x.  
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5.1.4.  MTX association efficiency 
The FT-IR spectra of PLGA NPs and MTX-loaded PLGA NPs were compared to the FT-IR spectrum of 
MTX alone (Figure 18). At the wavelength of 1750 cm
-1
, a marked peak elicits the presence of a carbonyl 
bond (C=O stretching vibration), which is characteristic of PLGA [80]. Furthermore, on the MTX spectrum, it is 
possible to observe a different peak at 1638 cm
-1
 (C=C stretching vibration), which is characteristic of the drug 
molecule, but not of PLGA [81]. On the MTX-loaded NPs spectrum, the characteristic peak from PLGA was 
not altered, and the carbon-carbon double bond typical of MTX is now also evident on the spectrum, 
confirming that the MTX was successfully encapsulated into the PLGA NPs. 
To quantify MTX encapsulation, the HPLC method previously described allowed demonstrating a high 
efficiency of association. For MTX-loaded PLGA NPs, the association efficiency was approximately 98%, 
while for MTX- and SPIONs-loaded PLGA NPs it was around 95% (Table 1). These values did not vary 
significantly between the two different formulations, indicating that a successful application of co-
encapsulation of both agents may be possible in a PLGA-based theranostics approach. 
 
Figure 18 – FT-IR spectra of PLGA NPs, free MTX, and MTX-loaded PLGA NPs. 
5.1.5. Antibody conjugation 
The FT-IR spectra of PLGA NPs and the anti-CD64-conjugated PLGA NPs were compared to the FT-IR 
spectrum of the antibody (Figure 19). Once again, at the wavelength of 1750 cm
-1
, a marked peak elicits the 
presence of the PLGA-characteristic carbonyl group, which is also present in the Ab (C=O stretching bond 
[80]). Theoretically, near 1640 cm
-1
 an amide bond (C=N stretching vibration) can be identified regarding the 
identification of the antibody conjugation to PLGA NPs. However, at 1640 cm
-1
, both PLGA NPs and anti-
CD64 spectra also show a clear peak, which corresponds to another C=O stretching bond on both 
components [81, 82], not allowing to immediately draw conclusions on the conjugation of the NPs. Despite 
this, in the anti-CD64 spectrum an additional peak at 1560 cm
-1
 appears, corresponding to the amine groups 
of the antibody (N-H bending vibrations [82]). In the case of the anti-CD64 conjugated NPs spectrum, this 
characteristic peak stands out, reflecting the establishment of the antibody conjugation on the surface of the 
NP. 
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The antibody conjugation efficiency was also assessed by quantifying the protein amount on the 
surface of the conjugated NPs. Values of conjugation ranged from approximately 14 to 30 % (Table 1), which 
is in agreement to values obtained in similar studies [50, 51, 83]. The statistical analysis of the conjugation 
efficiencies did not show significant differences among formulations, supporting that both MTX and SPIONs 
encapsulation do not considerably affect the NPs main features and interaction with the antibody. The high 
standard deviation values can be justified by the fact that the Thermo-Scientific Micro BCA Assay Kit, used for 
antibody quantification and described in the section 4.2.2.6, despite having a linear working range from 0.5 to 
20 µg/mL, only accurately detects protein amounts down to 2 µg/mL when performing the microplate 
procedure [71]. Therefore, the assay may lose sensitivity when analysing protein amounts near the limits of its 
detection range. Thorough studies changing the antibody:NPs ratio, as well as the particle activation protocol 
steps, with EDC and NHS, could help to optimise the antibody-conjugation process aiming at even higher 
values of efficiency to achieve further functionalised NPs and demanding the use of lower amounts of the 
antibody. 
 
Figure 19 – FT-IR spectra of PLGA NPs, free anti-CD64 antibody, and anti-CD64-conjugated PLGA NPs. 
5.2. In Vitro Studies 
5.2.1. Effect of NPs on cell viability and cytotoxicity 
To evaluate the cytotoxicity of the developed NPs, MTT and LDH assays were performed on the 
macrophage cell line RAW 264.7. On both tests, the assayed values of cells incubated with the nanoparticle 
formulations were compared to the untreated control, in which only culture medium was added to the wells. 
Regarding the cytotoxicity of the developed NPs, on the one hand, it is presumable that PLGA and SPIONs-
loaded PLGA NPs present no cell toxicity, since they are described as being biocompatible nanocarriers [29, 
36, 84]. On the other hand, it is expected that MTX-loaded nanosystems present cytotoxicity, since MTX 
disrupts cellular folate metabolism hence decreasing cell proliferation [85]. 
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Focusing on the MTT assay (Figure 20), one can observe that only the highest concentration tested (1 
mg/mL) presented, up to some extent, cytotoxicity to RAW 264.7 cells, in all NP formulations. Considering all 
other lower concentrations tested, only the NPs which encapsulated the cell-toxic MTX drug caused a 
significant reduction (presenting p-values frequently lower than 0.01) on the levels of cell metabolism and 
proliferation, coming into agreement to what has been anticipated. These results are further corroborated by 
the LDH assay, in which the toxicity of MTX stands out immediately and is evidenced in Figure 21. Once 
again, one could observe that only at the highest concentration did all formulations present some toxicity to 
RAW 264.7 cells. Antibody conjugation did not represent higher cytotoxicity of all NP formulations when 
compared to non-conjugated NPs. This is justified by the fact that RAW 264.7 macrophages do not express 
the human CD64 receptor, for which the used antibody is specific. In future work, using a human macrophage 
cell line, THP-1, one can hope to witness a higher toxicity of the functionalised NPs, suggesting a specific and 
targeted effect on macrophages over-expressing the CD64 receptor, found in RA. Further studies regarding 
the incubation of SPIONs, the anti-CD64 antibody, and MTX alone with RAW 264.7 cells would allow to totally 
confirm the biocompatibility of the two former, as well as the cytotoxicity of the latter. 
 
Figure 20 – Effect of the devised NPs on RAW 264.7 macrophage cells viability as a function of the different formulations 
and concentrations (0.1, 1, 10, 100 and 1000 μg/mL) tested. Cells were incubated with the NPs for 24h and the cell 
viability assessed by the MTT assay. Values represent mean ± SD (n≥3; *p <0.05; **p <0.01). 
 
Figure 21 – Cytotoxicity of the devised NPs on RAW 264.7 macrophage cells as a function of the different formulations 
and concentrations (0.1, 1, 10, 100 and 1000 μg/mL) tested. Cells were incubated with the NPs for 24h and their 
cytotoxicity assessed by the LDH assay. Values represent mean ± SD (n≥3; *p <0.05; **p <0.01). 
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5.2.2. Uptake studies 
Regarding the uptake of the NP formulations into RAW 264.7 cells, preliminary HPLC quantification 
demonstrate that macrophages have taken up higher MTX amounts when formulated into NPs. These results 
support what has been observed at the inverted optical microscope after the 4 and 6 hours incubation time-
points with free MTX and MTX-loaded NPs, in which a higher cell death could be observed when RAW 264.7 
were treated with the NPs, proving the efficacy of the system. The HPLC results are currently being confirmed 
by the realisation of more replicate studies. 
 
For this work, cytotoxicity and cell viability studies were envisioned for two different cells lines, RAW 
264.7 – a murine macrophage cell line – and THP-1 – a human acute monocytic leukemia-derived monocyte 
cell line, which can be later differentiated into macrophages, by induction through the addition of phorbol 12-
myristate 13-acetate (PMA). While both would allow assessing the cytotoxicity of the developed PLGA NPs, 
and that this toxicity was given to the drug in study (MTX), the human cell line (THP-1) would allow for the 
confirmation of a higher cellular uptake and consequent cytotoxicity of anti-CD64-conjugated NPs on THP-1, 
once this antibody is specific to the human Fc receptor CD64 [86], but not for murine. The comparison of the 
cellular uptake between cell lines would prove the specificity of the targeted therapy for the diseased RA-cells 
(over-expressing CD64), which would allow minimizing damage to the surrounding healthy tissues, in an in 




Multifunctional PLGA-based nanocarriers for drug targeting and in vivo imaging are of particular interest 
due to their biodegradability and biocompatibility. In this work, a bold attempt to achieve targeted therapy and 
imaging of RA was devised, by co-encapsulation of both MTX and SPIONs into PLGA NPs, which were 
further functionalised with anti-CD64, the specific antibody for the overly-expressed macrophage cell surface 
receptor in RA. 
The studied NPs aiming for a new RA-therapy and imaging strategy produced remarkable results in 
terms of both their physicochemical features as well as their behaviour in the conducted in vitro studies with 
the murine macrophage cell line – RAW 264.7. Regarding particle size, NPs presented sizes comprised within 
the range of 135-200 nm and with homogeneous distributions, demonstrating great potential for intravenous 
administration. Through scanning and transmission electron microscopy it was possible to confirm these 
results and also to assess the NPs morphology. The NPs presented spherical and uniform shape, with a 
smooth surface. 
Zeta potential values ranged from approximately -16 to -32 mV, justified by the presence of the 
negatively-charged carboxyl termini at the surface of PLGA NPs, which help stabilizing NPs in suspension. 
Particle size and zeta potential were not significantly affected by neither MTX nor SPIONs encapsulation. 
However, antibody conjugation caused an expected slight increase in particle size and a decrease in the 
surface charge, maintaining, nevertheless, the PLGA NPs characteristic features. 
The first proof of successful MTX and SPIONs encapsulation was visible with the naked eye, with the 
formulations presenting different colours and aspect even after extensive rinsing of the exceeding reagents. 
MTX encapsulation was further confirmed by FT-IR spectroscopy studies which identified the characteristic 
transmittance peak of the drug in MTX-loaded PLGA NPs. Later, MTX was quantified by HPLC rendering an 
association efficiency as high as 95%. SPIONs encapsulation, in its turn, was clearly visible through TEM 
analysis which exhibited micrographs showing small, denser spots incorporated in the polymeric particle. 
Regarding the targeting ability of PLGA NPs, the anti-CD64 antibody conjugation was confirmed by FT-
IR spectroscopy studies, which identified the characteristic peak of the amine bond of the antibody in 
functionalised NPs. The conjugation efficiency was assessed by quantifying the antibody present on PLGA-
based nanosystems, reaching values between 15 and 30%. 
Additionally, in vitro studies on the effect of the developed PLGA NPs on RAW 264.7 cells were 
conducted. PLGA-NPs without MTX were not toxic to the RAW 264.7 cells, with exception to the higher tested 
concentration. Contrarily, MTX-loaded NPs affected cell’s viability after 24 hours of NPs incubation, confirming 
the MTX cytotoxicity. 
To conclude, the attained results suggest that the devised formulations show a huge potential for 
targeting RA in vivo, aiming to both deliver a therapeutic agent while providing enhanced imaging contrast for 
techniques such as MRI. However, there is always room for improvement, and further and more 
comprehensive studies should be conducted for nanotechnology approaches of this kind to become a reality 
in the clinical practice of RA therapy. 
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For future work, regarding NP characterisation, magnetisation studies can be conducted to prove the 
magnetic profile of SPION-encapsulated PLGA NPs. This behaviour can be observed, for instance, via 
hysteresis loop or magnetisation curve analyses [63, 87], and is important when thinking on the NPs when 
used as a MRI contrast agent. In vitro MRI studies can also be conducted to assess the devised NPs potential 
to work as a diagnosis agent [88], and allowing the optimisation of the most appropriate SPIONs 
concentration to be used.  
Still on the subject of the NPs characterisation, lyophilisation can be crucial for sample preparation for a 
correct SEM analysis. Moreover, freeze-dried NPs could provide a good solution for stable NP storage, on the 
long term. Therefore, a freeze-dried protocol that does not compromise the NPs structure and physico-
chemical properties needs optimising. 
On a different perspective, it would be relevant to optimise the NPs functionalisation with the anti-CD64 
antibody. By changing the anti-CD64:NPs ratio, the conjugation process could be improved, pointing for the 
use of lower amounts of antibody, avoiding waste. Additionally, a more comprehensive study should be 
directed to the targeting efficacy and internalisation of the devised NPs. Taking into consideration cellular 
uptake, NPs can be further functionalised with a hydrophilic polymer providing stealthness, aiming to both 
increase their blood circulation time and to promote cellular internalisation [29, 31].  
Studying the cytotoxicity of free MTX on macrophage cells can allow drawing complementary 
conclusions on the cytotoxicity of PLGA NPs, and how MTX cytotoxicity augments with the use of the devised 
NPs as a vehicle. This internalisation of MTX through the use of NPs could also be assessed resourcing to 
additional techniques such as fluorescence microscopy or flow cytometry. Furthermore, in vitro studies should 
be performed in different cell lines to prove the specificity of the targeted therapy for cells expressing the 
CD64 cell surface receptor. Ultimately, the efficacy of the optimized nanoparticulate systems must be tested in 
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